ureolytic strains of Lactobacillus or Actinobacillus originally derived from the microflora of "holoxenic" rats. In these "monoxenic" animals, harboring one or another of the bacterial strains, fecal urea was hydrolyzed, with a more rapid onset of ureolysis in the case of Actinobacillus as compared with Lactobacillus. In vitro, a parallel difference between the two strains with regard to the onset of ureolysis was observed, hydrolysis beginning at the onset ofgrowth in the case of Actinobacillus and only at the end of the exponential growth phase in the case of Lactobacillus. Extracellular urease activity was demonstrated in cultures of Lactobacillus, whereas none was found extracellularly with Actinobacillus. The pH optimum for the Lactobacillus urease in vitro was found to be 3.0, whereas the corresponding value for Actinobacillus was 6.0. In the two types ofmonoxenic rats, urea was consistently present in the small intestine and virtually absent from cecum and colon. Hydrolysis of urea in stomach was almost complete in rats bearing Lactobacillus but much less so in animals monoxenic with Actinobacillus, despite essentially equal numbers of organisms in that location. When rats carrying a monoflora of ureolytic Lactobacillus were immunized with either whole cells or soluble extract of the same organism, urea appeared in cecum and feces, indicating suppression of ureolytic activity. Immunization with an extract of nonureolytic Lactobacillus failed to produce such a result. Similar immunization techniques applied to animals monoassociated with ureolytic Actinobacillus did not alter ureolysis, and no appreciable quantity of urea appeared in feces. These studies demonstrate that it is indeed possible to inhibit the ureolytic activity of some bacteria in vivo by immunological means, but that the urease system of other organisms may not be as amenable to such manipulation.
Bacterial ureases are totally responsible for the breakdown of urea in the digestive tract of mammals (15) . Based on the work of Kirk and Summer (11, 12) , experiments involving immunization with urease have been carried out on conventional or "holoxenic" (17) animals in an attempt to lessen digestive ureolysis (4, 5, 8-10, 13, 19-21) . These studies have involved the use ofjackbean urease rather than material derived from bacteria. Given the possibility of antigenic differences between the two kinds of material, it seemed desirable to study the effects of immunization with vaccines or extracts prepared from ureolytic bacteria ordinarily found in the gastrointestinal tract.
Therefore, in this study we have used as an experimental model "monoxenic" rats in which the gastrointestinal tract is populated solely by a single stirain of ureolytic bacteria (7) . Experiments were designed to allow quantitation of in vivo effects of immunization with homologous bacterial preparations ane. to identify the locus of inhibition of ureolytic activity within the gastrointestinal tract of immunized animals.
MATERIALS AND METHODS
Biochemical determinations. For the determination of urea and ammonia, samples weighing 1.5 to 2.0 g were diluted with an equal volume of 0.02 M phosphate buffer, pH 7.0,and 0.05 ml of saturated HgCl2 was added. After shaking, the samples were centrifuged for 20 min at 1,600 x g, and the supernatants were frozen for later analyses. Urea was determined by a standard autoanalyzer technique (Technicon-diacetyl monoxime method, Diagnostica Merck) and ammonia by Conway's microdiffusion technique (2) .
Urease activity was determined according to a modification of Conway's method (2) . In a Conway dish, the sample was mixed with 1 ml of 0.02 M phosphate buffer, pH 6.0, or 1 ml of sodium citrate 9 phosphate buffer, pH 3.0, depending on the optimum pH of the particular bacterial urease. One milliliter of 0.0166 M urea was added, and after a 30-min incubation, 1 ml of saturated K2CO3 was quickly added. The sample was then mixed and incubated at 23 C for 20 h. The ammonia produced was determined by titrating the boric acid and indicator solution with 0.01 N H2SO4. Ureolytic activity was expressed as micrograms of urea hydrolyzed in 30 min at 23 C.
To determine the pH optimum of a particular bacterial urease, the ureolytic activity was measured at pH values from 2.0 to 9.0 with a Titrigraph Radiometer, using bacteria harvested from a 7-h culture of 100-ml volume.
Bacteriological manipulations. Two ureolytic bacterial strains and one nonureolytic strain, all isolated from the digestive tract of holoxenic rats, were used. The two ureolytic strains were strain 313 of Lactobacillus sp., belonging to group Th5 described by Raibaud et al. (18) , and a strain ofActinobacillus. The nonureolytic organism was strain 241 of Lactobacillus sp., which also belongs to group Th5.
The strains of Lactobacillus were grown at 37 C in liquid medium LAPTG,o (18) and enumerated in solid medium GAPTG1o (18) . The Actinobacillus was grown at 37 C in liquid medium A (16) and enumerated in solid medium A (16) . All enumerations were performed on freshly gathered feces or on various parts of the digestive tract taken from animals immediately after death. Samples were diluted 1:10, homogenized with an Ultraturrax, and, after 10-fold dilutions, mixed with the appropriate medium and poured into tubes, (8 by 400 mm), according to the method of Raibaud et al. (16) . Bacterial growth and ureolysis in vitro were measured by using a culture medium containing 1%i urea (sterilized by membrane filtration [Millipore Corp.] ). To 100 ml of such medium, a 1-ml sample of a 12-h bacterial culture was added. Samples were then collected every hour during incubation at 37 C. These samples were centrifuged for 15 min at 1,600 x g and the supernatants were frozen for subsequent determination of urea and ammonia. Optical density of harvested cells after centrifugation was measured on a Beckman spectrophotometer at 600 nm.
Animals. Axenic Fisher rats, supplied by E. Sacquet (C.N.R.S., Gif-sur-Yvette, France) were maintained in a Trexler-type isolator, two to three animals per cage. The rats, 2 months old at the beginning of the experiments, were fed a commercial diet (Labena-Special, Duquesne-Purina) ad libitum. Each animal was inoculated per os with 1 ml of a fresh culture, containing approximately 109 bacteria of the particular strain, after having been deprived of water for 18 h.
After the first hours following inoculation, feces were collected from each animals' anus at hourly intervals. Bacterial enumeration and determination of urea and ammonia content were done on pooled feces representing each time interval. Then, 7 days after immunization, individual feces were collected every other day at the same time and under the same conditions. At the end of each experiment, the rats were killed at the times indicated below, and the digestive tract of each was divided into six segments INFECT. IMMUN.
(stomach and three equal segments of small intestine, cecum, and colon) for urea determination.
Immunological methods. Two types of antigen were used, soluble extracts and whole bacteria. The extracts were obtained from the harvest of 10-liter cultures incubated 18 h at 37 C. The cells were washed.twice with distilled water, suspended in 0.02 M phosphate buffer, pH 7.0, containing 1 mM 2-mercaptoethanol, and sonicated (using a Siduse instrument) at 22 Kc for 3 x 10-min intervals. After centrifugation for 15 min at 25,000 x g, intact cells were again sonicated, the entire cycle being repeated for a total of three times. The supernatants were collected and protein was precipitated overnight by ammonium sulfate saturation. The protein precipitate was collected by centrifugation for 20 min at 35,000 x g and dissolved in a minimum of water. The solution was dialyzed for 3 h in the cold against distilled water containing 1 mM mercaptoethanol and then used as an antigen after having been sterilized by membrane filtration (0.45 ,um; Millipore Corp.). The whole bacterial antigens consisted of Lactobacillus or Actinobacillus living cells washed in sterile water and suspended in sterile physiological solution at a concentration of approximately 1011 bacteria per ml. In one assay, we used dead cells of Actinobacillus obtained by keeping a harvest of 2 x 1011 bacteria at 4 C during 5 days.
Immunization procedures were undertaken from 1 to 3 months after implantation of the bacteria in the rats. While anesthetized, each animal received 1 ml of antigen, emulsified in complete Freund adjuvant, by footpad injection. Subsequent injections were given intramuscularly. Experiment 1. Three female monoxenic rats harboring the ureolytic Lactobacillus were immunized 2 months after the initial inoculation with a whole-cell vaccine prepared from the same strain. The ureolytic activity of the first dose of vaccine was 1,400, and that of the second and third doses was 1,600 and 2,250 respectively (all measured at pH 3.0). The control group, consisting of three female monoxenic rats, received no antigen. All rats were killed 53 days after the last irniection. Experiment 2. Three male and three female monoxenic rats harboring the ureolytic Lactobacillus were immunized with a soluble extract of the organism 3 months after the initial inoculation. The ureolytic activity of the first dose of this extract was 375 and that of the booster dose was 750, measured at pH 3.0. Each control rat (three male rats) bearing the Lactobacillus was injected at the same intervals with the same quantity of soluble extract from the nonureolytic Lactobacillus, strain 241. Experiment 3. Two female monoxenic rats were immunized with living cells of Actinobacillus 1 month after their peroral inoculation with the same strain of bacteria. Two other females were immunized with the dead cells of Actinobacillus. The ureolytic activity of the first dose of vaccine, measured at pH 6.0, was 600. Booster injections were given 21 and 35 days after the first injection, and the ureolytic activity was 1,300 and 1,500, respectively. Dead Actinobacillus have no detectable ureolytic activity. The two female monoxenic control rats were not given any injection. All of the animals were killed 14 days after the last injection.
RESULTS
In vitro the growth and ureolytic activity of Actinobacillus began at the same time. A decrease in the rate of hydrolysis of urea was noted after 3 h, while at the same time the slope of the growth curve diminished (Fig. 1) . In the case ofLactobacillus (Fig. 2) , ureolysis began at the end of the exponential growth phase and then proceeded very rapidly. In the case of both organisms, hydrolysis of available urea was complete at the end of 7 h of incubation, but in the Lactobacillus cultures the lytic process occupied only 3 h once begun as compared with the entire 7-h interval for Actinobacillus. Moreover, in a 7-h culture of Lactobacillus, the supernatant had ureolytic activity, indicating the presence of extracellular enzyme. In contrast, the supernatant of a 7-h culture of Actinobacillus had no ureolytic activity, indicating that the urease was strictly intracellular. Finally, the pH optimum for the urease of Lactobacillus was found to be 3.0, whereas that of Actinobacillus was 6.0. In vivo in the holoxenic animals, urea was virtually absent from the feces, whereas in the axenic animal, harboring no ureolytic bacteria, urea was excreted in large amounts. When previously axenic rats were inoculated with ureolytic Lactobacillus, urea gradually disappeared from the feces as ammonia appeared (Fig. 3) . The transient hydrolysis seen at 7 h was probably due to the urease activity of the inoculum, but significant ureolysis first began approximately 12 h after inoculation. This was approximately 5 h after the Lactobacillus population had reached its maximal level, 109 bacteria per g of feces. Ureolysis appeared to be complete after 21 formed with Actinobacillus are summarized in Fig. 4 . In this instance, ureolysis was first detectable in feces at approximately the same time bacteria first appeared in the stools, i.e., 6 h after inoculation. Four hours later, urea had disappeared from the feces and the bacterial population had reached its maximal level of 109 bacteria per g of feces.
In Fig. 5 are summarized the results of urea determinations performed on various segments of the digestive tract of rats harboring different bacteria. Relatively great quantities of urea were present at all levels of the tract in axenic rats (Fig. 5a) . In monoxenic or holoxenic rats (Fig. 5b-d) , hydrolysis of urea was complete in the cecum and the colon and partial in the small intestine. Ureolysis was almost complete in the stomach of holoxenic rats and monoxenic rats harboring Lactobacillus, whereas in the stomach of monoxenic rats harboring Actinobacillus it was less so. The number of bacteria per gram of fresh sample was similar in the stomach, cecum, and colon in both groups of monoxenic rats (Table 1) . The effects of immunization with various antigen preparations are depicted in Fig. 6 and in Fig. 5e and f. Figure 6a illustrates (Fig.  6d) . Figure 5e summarizes the data relative to the urea concentrations found at the termination of the experiment in various segments of the digestive tract. The immunization led to an increase in cecal and colonic urea (compare with Fig. 5c ), indicating diminution of ureolysis. Urea concentrations at other levels of the tract were not significantly altered. In contrast, immunization with living or dead Actinobacillus has no apparent effect on the urea content in animals harboring that strain (Fig. 5f ). Table 2 summarizes the overall effect of immunization with different antigens on the appearance of urea in the feces of the rats.
DISCUSSION
Our results clearly demonstrate that the immunization of monoxenic rats with whole cells or with a soluble extract of Lactobacillus induces significant inhibition of ureolysis in the digestive tract ordinarily caused by that strain of organism. In fact, some time after immunization, fecal urea levels comparable to those of axenic rats are seen.
Immunization apparently leads to inhibition of urease activity of the bacterial population, although, as previously observed by Ducluzeau and Raibaud (6) , the number of bacteria within the diges&ive tract does not vary after parental immunization. Moreover, the observed inhibition seems to be linked to the presence of urease in the antigen, since immunization with an extract ofnonureolytic Lactobacillus is without effect. Thus, it is possible that the inhibition of ureolysis seen in vivo is related to the action of antibodies synthesized by the animal on the urease produced in his digestive tract.
Although in some instances in the present work in vivo inhibition of ureolysis was complete, often the inhibition was only partial. These results agree with those of Visek (22) , who found a maximum of 70% inhibition ofjackbean urease in vitro produced by an immune serum.
The observed inhibition occurs in the cecum and colon, but not in other parts ofthe tract. Although antibodies are found in the upper digestive tract (14) , it may be that acid pH and strong molarity prevent stable antigen-antibody association and lead to the pattern of inhibition observed.
Inhibition of ureolytic activity in the digestive tract also appears to be temporary. This could conceivably be a peculiarity of an immunological reaction specific to the gastrointestinal tract or, alternatively, related to the limited extent of the immune system in axenic or monoxenic animals (1, 3) .
The inhibition of urease activity in vivo by immunization cannot, however, be accomplished with all ureolytic bacterial species. Vaccination of monoxenic rats bearing Actinobacillus was without effect on ureolytic activity. The difference in results with Lactobacillus and Actinobacillus might be explained by differences in the synthesis and activity of urease in the two strains. Indeed, the urease of Lactobacillus is preferentially active at a more acid [t rI. (23) . Delineation of the ureolytic microflora of holoxenic animals is thus important in the attempt to control ureolysis immunologically. Experimental models making use of gnotoxenic animals harboring a more elaborate flora than studied here will be essential to such efforts.
